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 
Abstract—In this paper, we design a tapered tellurite photonic 
crystal fiber (TTPCF) with nonlinear coefficient increasing along 
the propagation direction, and demonstrate the mid-infrared 
self-similar pulse compression of the fundamental soliton in such a 
TTPCF. When the variation of group-velocity dispersion, 
higher-order dispersion, higher-order nonlinearity, and linear 
loss are considered, a 1 ps pulse at wavelength 2.5 μm can be 
compressed to 62.16 fs after a 1.63-m long propagation, along with 
the negligible pedestal, compression factor Fc of 16.09, and quality 
factor Qc of 83.16%. Then the compressed pulse is launched into 
another uniform tellurite PCF designed, and highly coherent and 
octave-spanning supercontinuum (SC) is generated. Compared to 
the initial picosecond pulse, the compressed pulse has much larger 
tolerance of noise level for the SC generation. Our research results 
provide a promising solution to realize the fiber-based 
mid-infrared femtosecond pulse source for nonlinear photonics 
and spectroscopy. 
Index Terms—Tapered tellurite photonic crystal fiber, 
self-similar pulse compression, SC generation. 
 
I. INTRODUCTION 
HE ultrashort pulses can find important applications in 
supercontinuum (SC) generation, frequency comb 
generation, biological imaging, and optical communication 
[1]-[4], etc. Over the past few years, several pulse compression 
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methods were used to generate the ultrashort pulses in different 
nonlinear media. For adiabatic soliton compression in 
dispersion-decreasing fibers (DDFs) or tapered photonic crystal 
fibers (TPCFs) [5]-[7], large compression factor was obtained, 
but the fiber lengths were too long to meet the need of 
miniaturization. For higher-order soliton compression, large 
compression factor can be achieved within short nonlinear 
media [8]-[11], but it will generate large pedestal, which 
significantly limits its application in laser and 
telecommunication systems. In contrast, the self-similar pulse 
compression is an effective method for obtaining highly 
compressed pulse without pedestals within short nonlinear 
media [2], [8], [12]-[17]. In 2005, Méchin et al. obtained a 
compression factor over 20 with self-similar propagation of a 
pulse in a DDF amplifier [12]. In 2006, Méchin et al. 
investigated the self-similar propagation in a comblike DDF 
amplifier and obtained a compression factor of 12 [13]. In 
2013, Li et al. theoretically demonstrated the self-similar pulse 
compression in nonlinear fiber Bragg gratings (NFBGs) [14] 
and the effect of third-order dispersion was further discussed 
[15]. In 2014, Li et al. reported the self-similar pulse 
compression in a nonlinearity increasing silica PCF taper with a 
length of 6.42 m [2]. The self-similar pulse compression was 
introduced to on-chip system with a theoretical demonstration 
in a chalcogenide-silicon slot waveguide taper in 2016 [8]. It 
should be noted that all above schemes are proposed to work in 
near-infrared region. 
The demand of pulse compression in mid-infrared region is 
much stronger than that in near-infrared region due to the lack 
of mid-infrared ultrashort pulsed laser sources. The nonlinear 
phenomena including soliton self-frequency shift, SC 
generation, wavelength conversion, and harmonic generation 
have attracted much interest in recent years [18-20]. Among 
these phenomena, SC generation is the most complex nonlinear 
optical phenomenon [21]-[25], which is resulted from the 
interplay of some nonlinear effects, including self-phase 
modulation (SPM), modulation instability (MI), stimulated 
Raman scattering (SRS), and soliton dynamics [26]-[29], etc. In 
practice, SC generation is the enabling technique to realize 
self-referenced frequency comb sources. However, highly 
coherent octave spanning SC is hard to be obtained without 
femtosecond pump pulses in anomalous dispersion region due 
to dominant MI and uncontrollable soliton fission [21], [24]. 
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Self-similar pulse compression will be the enabling technique 
to obtain highly coherent SC with a picosecond pump pulse [2]. 
To obtain the self-similar pulse compression in 
mid-infrared region, we have proposed an inversely tapered 
silicon ridge waveguide in 2017 [16]. Recently, a tapered 
tellurite PCF (TTPCF) was also investigated to realize 
mid-infrared self-similar pulse compression [17]. Tellurite 
glass has a much higher nonlinear refractive index (10-50×
10-20 m2/W) than silica. Furthermore, tellurite glass is 
chemically and thermally stable than other non-silica glasses 
[30]-[31]. Therefore, tellurite glass can be considered as 
suitable fiber material for investigating both the self-similar 
pulse compression and SC generation. 
In this paper, we demonstrate the mid-infrared self-similar 
pulse compression of the fundamental soliton in a TTPCF 
designed with nonlinear coefficient increasing along the 
propagation direction. A 1 ps pulse at wavelength 2.5 μm is 
successfully compressed to 62.16 fs. Then we launch the 
compressed pulse into another uniform tellurite PCF designed, 
and highly coherent and octave-spanning SC is generated. 
II. THEORETICAL MODEL 
The pulse propagation in the TTPCF can be described by 
generalized nonlinear Schrödinger equation (GNLSE) as [2], 
[24], [32] 
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where A(z, t) represents the slowly varying envelope, α0 is the 
linear loss, βm(z) (m = 2, 3,…, and 12) is m-order dispersion 
coefficient at propagation distance z and calculated from Taylor 
expansion of the propagation constant () at a specific 
wavelength. γ(z) is the Kerr nonlinear coefficient, which can be 
calculated by integration over the whole cross-section of the 
tellurite PCF as [12], [33] 
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where n2(x, y) is nonlinear refractive index and F(x, y) 
represents the distribution of the electric field. Nonlinear 
dispersion τshock = γ1(ω0)/γ(ω0) corresponds to the effect of 
self-steeping (SS), where γ1(ω) = dγ(ω)/dω and ω0 is the central 
angular frequency. R(t) denotes the nonlinear response function 
which includes the Kerr and delayed Raman responses. 
As reported in Refs [34], [35], the self-similar solutions can 
be found in parameter-varying nonlinear Schrödinger equation 
(NLSE) 
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When the dispersion profile β2(z) is a constant and γ(z) varies 
along the TTPCF as 
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where σ = β2(0)ξ and ξ represents the initial chirp factor of the 
incident pulse. By taking Eq. (4) into Eq. (3), we can obtain a 
group of analytic self-similar solutions of Eq. (3) as [35] 
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where the initial pulse peak power P0 = |2(0)|/((0)T02) is 
chosen to ensure the fundamental soliton propagation. T0 is the 
initial pulse width, and t0 is the temporal position of the pulse 
peak. From Eq. (5), the pulse width and peak power will 
decrease and increase along z when σz＜ 1, respectively. 
Moreover, they vary along z as [2], [35] 
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III. DESIGN OF THE TTPCF 
In order to satisfy the self-similar compression condition, 
we design a TTPCF, which can be fabricated with tellurite glass 
(75TeO2-20ZnO-5Na2O (mol.%), TZN, n2 = 1.7×10-19 m2/W) 
[36]-[38]. Fig. 1(a) shows the cross-section of the TTPCF. 
From Fig. 1(a), five rings of air-holes are arranged in a 
triangular lattice. At the input end, the hole to hole pitch Λ is 
chosen as 40 μm, and air-hole diameter d is 0.4Λ to ensure the 
single-mode propagation [39]. Fig. 1(b) shows the relationship 
between Λ and z. From Fig. 1(b), Λ gradually reduces as z 
increases. At the output end, Λ is reduced to 5.82 μm after a 
1.63-m long propagation. Such a TTPCF with the length of 1.63 
m can be drawn in fiber tower which have tapered a much 
longer length [7] rather than tapering machine. The inset of Fig. 
1(b) shows a typical electrical field distribution calculated at 
wavelength 2.5 μm for Λ = 20 μm. 
 
Fig. 1. (a) Cross-section of the TTPCF designed. (b) The relationship between 
the hole to hole pitch Λ and propagation distance z, the inset showing the typical 
electrical field distribution calculated at wavelength 2.5 μm for Λ =20 μm. The 
blue line is plotted by spline interpolation and the fitted Λ value is shown by the 
signed circles. 
Figure 2(a) shows the calculated group-velocity dispersion 
β2 versus wavelength for Λ varying from 2.35 to 2.65 μm. Λ 
changes from 5 to 40 μm with a step size of 5 μm. The 
dispersion curve decreases gradually along the increasing of Λ. 
The dispersion curves are almost linear in the considered 
spectral range for all Λ values. Fig. 2(b) shows the calculated 
group-velocity dispersion β2 and nonlinear coefficient γ as 
functions of Λ, where the red circles correspond to the 
numerical results with full vector finite element method. From 
Fig. 2(b), both the variations of β2 and γ are monotonic. As Λ 
reduces from 40 to 5.82 μm, γ and β2 vary from 0.2 to 8.82 
W-1km-1 and -92.2 to -148.73 ps2/km, respectively. Compared 
to the change of γ, the variation of β2 can be negligible. The 
main reason is considered that for such a large mode area PCF, 
the light field is well confined in the core region and the 
material dispersion play an important role, so the waveguide 
dispersion induced by the variation of Λ has little influence on 
β2. In contrast, γ varies evidently due to the change of effective 
mode area. According to Fig. 1(b), we can obtain the 
relationships between β2 and γ and z, as shown in Fig. 2(c). At 
the output end of the TTPCF, the values of β2 and γ are -148.73 
ps2/km and 8.82 W-1km-1, respectively. 
 
Fig. 2. (a) The calculated group-velocity dispersion β2 versus wavelength for Λ 
varying from 2.35 to 2.65 μm. (b) and (c) present β2 (black solid line) and 
nonlinear coefficient γ (blue dash dot line) at wavelength 2.5 μm versus Λ and z, 
respectively. 
IV. SIMULATION RESULTS AND DISCUSSION 
In this work, a hyperbolic secant pulse with full width at 
half maximum (FWHM) of 1 ps is launched into the TTPCF. 
The chirp coefficient ξ is -6.5 ps-2. In order to keep the 
fundamental soliton, the input peak power is chosen as 1.4 kW. 
The compression factor Fc and quality factor Qc are used to 
evaluate the compression performance, which are respectively 
defined as [8], [40] 
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where FWHMin and FWHMout represent the input and output 
FWHM, respectively. Pin and Pout are the peak powers of the 
input and output pulses. In the ideal case, the variation of the 
group-velocity dispersion β(z), higher-order dispersion (HOD), 
higher-order nonlinearity (HON), and α0 are neglected. The 
evolutions of the temporal and spectral profiles are shown in 
Figs. 3(a) and 3(b), respectively. It can be seen that both the 
temporal and spectral profiles are monotonous and symmetric. 
The peak power of the output pulse can be up to 60 kW, and the 
calculated Fc = 44.1 and Qc = 1, respectively. 
 
Fig. 3. (a) Temporal and (b) spectral evolutions along the 1.63-m long TTPCF 
for the ideal case (NLSE). 
In the realistic case, the variation of β(z), HOD, HON, and 
α0 cannot be neglected, e.g. the case of GNLSE. Figs. 4(a) and 
4(b) show the temporal and spectral profiles along the TTPCF 
when they are considered. The Raman response function of 
TZN is described as [41] 
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where γi, Γi, and ωv,t represent the Lorentzian, Gaussian 
FWHM, and Gaussian component position. α0 is chosen as 0.35 
dB/m [38], [41]. From Fig. 4(a), the pulse width is reduced as 
the frequency shift and peak power P0 increase. From Fig. 4(b), 
the corresponding spectrum intensity is reduced during the 
spectral broadening, and a small peak appears at the output end. 
By comparing Fig. 3 and Fig. 4, it can be found that the peak 
power of the output pulse is much lower and the corresponding 
FWHM is wider. A 1 ps input pulse can be compressed to 62.16 
fs, and the peak power of the output pulse can be up to 18.78 
kW, corresponding to Fc = 16.09 and Qc = 83.16%. 
 
Fig. 4. (a) Temporal and (b) spectral evolutions along the 1.63-m long TTPCF 
for the realistic case (GNLSE). 
Fig. 5(a) shows the relationships between the peak power 
P0 and FWHM and z. When z < 1.5 m, P0  gradually increases as 
z increases, as predicted by Eq. (6), and the FWHM almost 
changes linearly. However, when z ≥ 1.5 m, P0 and FWHM 
begin to deviate from the original route, which is induced by the 
rapid variation of β2 and breakdown of self-similar condition. 
In contrast, the increased γ can enhance the compression effect. 
Fig. 5(b) shows the dispersion length LD and nonlinear length 
LNL as functions of z. LD and LNL are defined as 
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In the process of the self-similar compression, LD and LNL 
are not exactly equal due to variation of β(z) and α0. When z < 
1.48 m, LD is slightly smaller than LNL. LD exceeds LNL when z ≥ 
1.48 m because γ increases rapidly and nonlinear effect will be 
enhanced. The difference between LD and LNL is less than 0.1, 
so we can consider that LD and LNL are approximately equal and 
the fundamental soliton can be well maintained during the 
self-similar propagation. 
 
Fig. 5. (a) The peak power P0 (blue solid line) and FWHM (black dashed line), 
and (b) LD (red dashed line) and LNL (blue solid line) as functions of z. 
From Fig. 3(a) and Fig. 4(a), it can be seen that FWHMout in 
the realistic case is much wider than that of the ideal case since 
the self-similar pulse compression is deviated when variation of 
β(z), HOD, HON, and α0 are considered. To investigate the 
influence of each effect to perturb the self-similar pulse 
compression, we compare the output temporal and spectral 
profiles by considering them one by one. Figs. 6(a) and 6(b) 
show the temporal and spectral waveforms when variation of 
β(z), HOD, HON, and α0 are respectively considered. The ideal 
case is also given for comparison. From Figs. 6(a) and 6(b), 
when only variation of β(z) is considered, the output pulse 
width is larger than that of the ideal case because the 
self-similar condition cannot be satisfied. If we only consider 
the HOD, the output spectrum shows asymmetry, along with a 
small peak, and the temporal waveform is delayed ~ 40 fs. 
When only considering the HON, the output spectrum is 
red-shifted about 110 nm due to intra-pulse Raman scattering. 
Moreover, the SS also causes asymmetry in both temporal and 
spectral waveforms. When only α0 is considered, the peak 
power of the output pulse is decreased, and the pulse width 
keeps almost unchanged. When taking all effects into account, 
a 62.16 fs pulse with negligible pedestal can be obtained. 
 
Fig. 6. (a) Temporal and (b) spectral profiles for the ideal case (NLSE, red dash 
line), β(z) (green dash dot line), HOD (blue dash dot dot line), HON (magenta 
short dash line), α0 (cyan short dash dot line) and all effects (purple solid line). 
  TABLE I 
FC AND QC FOR DIFFERENT CASES 
Effects Considered Fc Qc 
NLSE 44.10 100% 
β(z) 26.93 100% 
HOD 45.17 97.27% 
HON 25.46 93.30% 
Loss 37.41 87.54% 
All above 16.09 83.16% 
Based on the temporal and spectral profiles shown in Fig. 6, 
we summarize Fc and Qc for the different cases in Table I. From 
Table I, the varying dispersion β(z) and HON are the dominant 
effects that decrease Fc. The impact of HOD is minor for both 
Fc and Qc. The inclusion of loss introduces the most severe 
degradation of Qc. For the TTPCF, the HOD, HON, linear loss, 
and non-constant 2 are all perturbations to the self-similar 
compression. In the early stage of compression, the variation of 
2 is the dominant perturbation but the impacts of HOD and 
HON including self-steepening and Raman scattering will 
increase quickly along the compression of pulse. 
From the above results, self-similar pulse compression can 
be well achieved in such a TTPCF without considering the 
random noise. However, the random noise is unavoidable in 
practice. In the following, we will investigate its impact. The 
random noise is defined as exp( 2 )N i U   , where the 
noise amplitude η = 0.01. N  is a normally distributed random 
variable with the mean value of 0 and standard deviation of 1, 
and U  is an uniformly distributed variable between 0 and 1 
[2], [23]. Fig. 7(a) shows the input pulse with random noise 
level η = 0.01. From Fig. 7(a), many burrs appear on the whole 
temporal profile. After the propagation of 1.63 m, the burrs are 
reduced greatly, as shown in Fig. 7(b). Moreover, the pulse 
width is almost the same as that without the random noise. It 
can be concluded that the self-similar pulse compression has 
little sensitivity on the random noise. 
 
Fig. 7. (a) The 1 ps input pulse with the random noise, and (b) output pulse after 
self-similaer compression with (red dashed line) and without (black solid line) 
random noise. 
V. HIGHLY COHERENT AND OCTAVE-SPANNING SC 
GENERATION 
By using the shorter pulses (< 100 fs) as the input pump, the 
coherence of the SC can be evidently enhanced [2], [19], [20]. 
In the following, we will launch the self-similarly compressed 
pulse into another tellurite PCF designed for the SC generation. 
Fig. 8(a) shows the cross-section of the uniform tellurite 
PCF designed. The fiber materials in the core and cladding 
region are chosen as TLWMN 
(TeO2-Li2O-WO3-MoO3-Nb2O3) and TZNL 
(TeO2-ZnO-Na2O-La2O3) [19], [42], respectively. For the 
TLWMN, n2=5.9 × 10-19 m2/W, and the Raman response 
function can be described as [19] 
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where Raman response time τ1 = 7.4413 fs and τ2 = 46.932 fs, 
respectively. The core diameter D of the tellurite PCF is 3.5 
μm, and hole to hole pitch Λ is 5 μm. The first-ring hole 
diameter d1 and second to fourth-rings hole diameter d2 are 
chosen as 0.3Λ and 0.4Λ, respectively. The calculated curves of 
the group-velocity dispersion D and γ are shown in Fig. 8(b), 
where the inset shows the zoom-in dispersion curve in the 
wavelength range from 2.2 to 3.2 μm. From the inset of Fig. 
8(b), the dispersion is very flat, which is beneficial for the SC 
generation. The value of γ is ~140.9 W-1km-1 at wavelength 2.5 
μm. 
 
Fig. 8. (a) Cross-section of the tellurite PCF designed. (b) The group-velocity 
dispersion D (black solid line) and γ (blue dashed line) calculated as functions 
of the wavelength. The inset shows the zoom-in dispersion curve in the 
wavelength range from 2.2 to 3.2 μm. 
When a 1 ps pulse at wavelength 2.5 μm with the peak 
power of 1.4 kW is launched into the tellurite PCF, the 
evolutions of the temporal and spectral profiles within a 0.55-m 
long propagation are shown in Fig. 9(a). From Fig. 9(a), the 
higher-order soliton occurs to spilt and the optical spectrum is 
rapidly broadened after propagation of ~0.35 m. The top figures 
in Fig. 9(a) show the output temporal and spectral profiles. We 
note that the output temporal profile has split into several 
pulses, and the fluctuation in output spectrum is obvious 
because of the MI and soliton fission, which introduce the noise 
and degrade the coherence of the SC. 
By using the self-similarly compressed pulse of 62.16 fs 
with the peak power of 15.21 kW as the pump, the coupling 
problem between the TTPCF and the tellurite PCF can be 
solved with the method of fused biconical tapering [43]. In this 
case, the evolutions of the temporal and spectral profiles within 
a 5.5-cm long propagation are shown in Fig. 9(b). It can be seen 
from the top figures of Figs. 9(a) and 9(b) that for the 1 ps and 
62.16 fs pulses, the output spectral widths are approximately 
the same, but the fiber length used is only tenth for the 62.16 fs 
pulse. Moreover, although soliton fission is observed during the 
propagation, the output spectrum is much smoother and flatter 
than that generated  with the 1 ps pulse. Compared with Fig. 
9(a), the temporal and spectral profiles are not sensitive to the 
noise seed since the MI is suppressed by the self-similar 
compression, and the coherence of the SC is greatly enhanced. 
 
Fig. 9. The evolutions of temporal and spectral profiles of (a) the 1  ps pulse, 
and (b) the self-similarly compressed 62.16 fs pulse. The bottom and top 
figures show the temporal and spectral profiles at the input and output ends of 
the uniform tellurite PCF, respectively. I and S represent the intensity and 
spectrum, respectively. 
To compare the coherence of the SCs generated with the 1 
ps and 62.16 fs pulses, we use the degree of coherence (1)
12g  to 
characterize the output spectra of the SC which is defined as 
[34], [44]-[45] 
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where A(λ, t) represents the signal amplitude in the frequency 
domain. The angular brackets represent the ensemble average 
over independently pairs of spectra, i.e. A1 (λ, t) and A2 (λ, t), 
which are obtained from 50 shot-to-shot simulations with 
different random noises at wavelength λ. The random noise is 
defined above and we take t1 - t2 = 0. Moreover, it is necessary 
to weight (1)
12g  in the whole spectrum as [2], [45] 
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where    
2
, ,P t A t  . In order to compare the slight 
difference of the coherence when they are close to 1, another 
variable K is introduced and defined as [2] 
 lg(1 ).K R    (13) 
We firstly investigate the coherence of the SC generated 
with 1 ps pump pulse. The input peak power and propagation 
length are chosen as 1.4 kW and 0.55 m, respectively. The 
spectra of the SC and (1)
12g  calculated with the 50 shots with the 
random noise are shown in Figs. 10(a) and 10(c). The grey plots 
represent the overlapped spectra of the 50 shots with random 
noise level η = 1 × 10-3. From Fig. 10(a), the differences 
between the 50 shots are very large, so the corresponding (1)
12g  
is < 0.5 over the considered wavelength range, as shown in Fig. 
10(c). In contrast, when the pulse of 62.16 fs with peak power 
of 15.21 kW is propagated inside a 5.5-cm long fiber, the 
overlapped spectra of the 50 shots with η = 1 × 10-3 represented 
by the grey plot are shown in Fig. 10(b), where the averaged 
spectrum of each 50 shots is plotted by the blue line. From Fig. 
10(b), the spectral fluctuation decreases greatly. From Fig. 
10(d), the corresponding (1)
12g is very close to 1 in the 
wavelength range of 1.5 to 4.5 μm. By comparing Fig. 10(c) 
and Fig. 10(d), it is concluded that highly coherent and 
octave-spanning SC can be generated with compressed pulse. 
 
Fig. 10. (a) The spectra (S) and (c) degree of coherence 
(1)
12g  of the SC 
generated with the 1 ps pulse with random noise level η = 1 × 10-3. (b) The 
spectra (S) and (d) 
(1)
12g  of the SC generated with the 62.16 fs pulse with η = 1 
× 10-3. The grey and blue lines in (a) and (b) represent the overlapped spectra of 
the 50 shots and average values of the 50 shots, respectively. 
In order to quantitatively compare the coherence of the SC 
generated with the 1 ps and 62.16 fs pulses, we calculate the 
weighted degree R for different lg(η) in the whole spectra, as 
shown in Fig. 11(a). For the 1 ps pulse, R is decreased with the 
increase of lg(η) and no more than 0.3 for all lg(η) values. 
When lg(η) = -9, R = 0.26, it can be drawn from the statistics 
that a very faint noise will seriously affect the output spectra. 
For compressed pulse of 62.16 fs, R is close to 1 when lg(η) ≤ 
-3. As lg(η) increases from -3 to -1, R drops quickly from 1 to 
0.18. Especially, R begins to drop to be less than 0.5 when lg(η) 
= -1.6 (η = 2.5 × 10-2). In Fig. 11(b), K is also plotted since R is 
very close to 1 for the compressed pulse of 62.16 fs. K is 
increased with increase of lg(η) and several points are neglected 
if K < -7. For the 1 ps pulse, K is close to 0 when the value of 
(1)
12g is small. Therefore, the self-similar pulse compression can 
greatly suppress the random noise and improve the coherence 
of the SC. 
 
Fig. 11. The weighted degree of coherence (a) R and (b) K calculated in the 
whole spectra versus random noise level lg(η) for the SC generated with the 1 
ps pulse (blue dashed star lines) and 62.16 fs pulse (red solid circle line). 
VI. CONCLUSION 
In summary, a TTPCF with increasing nonlinearity and 
comparatively unchanged dispersion is designed to achieve the 
self-similar pulse compression of the fundamental soliton. 
When the variation of β(z), HOD, HON, and α0 are considered, 
simulation results show that a 1 ps pulse at wavelength 2.5 μm 
can be self-similarly compressed to 62.16 fs, along with 
negligible pedestal. The corresponding Fc and Qc are 16.09 and 
83.16%, respectively. Then, another uniform tellurite PCF is 
designed for the SC generation. We launch the 1 ps pulse and 
compressed 62.16 fs pulse into the uniform tellurite PCF, 
respectively, it is found that the coherence of the SC generated 
with the compressed pulse is enhanced significantly compared 
to that generated with the 1 ps pulse, and highly coherent and 
octave-spanning SC can be obtained. It is believed that the 
proposed scheme provides a promising solution to realize the 
fiber-based mid-infrared femtosecond pulse source by using 
picosecond input pulse. 
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